Summary
The cytotoxic action of physical and chemical agents on 10 skin fibroblast strains in culture derived from individuals with Cockayne's syndrome was measured in terms of colony-forming ability. As compared to fibroblasts from normal donors, all Cockayne cell strains tested exhibited a significantly increased sensitivity to UV light and a normal sensitivity to X-rays. Cells from two sets of parents of unrelated Cockayne children showed an intermediate level of UV sensitivity. There was no effect of 0.5 mM caffeine on UV survival in normal and two Cockayne strains tested, indicating that postreplicational repair in Cockayne cells as measured by caffeine sensitivity was probably normal.
Sensitivity of normal and Cockayne cells to the chemical carcinogens and mutagens 4NQ0, N-AcO-AAF, ICR-170 and EMS was also compared. An increased sensitivity of Cockayne cells to 4NQ0 or N-AcO-AAF, but not to ICR-170 or EMS, was observed. However, unlike the intermediate UV sensitivity, the cell strains from two parents of Cockayne patients showed the same sensitivity to N-AcO-AAF or 4NQ0 as fibroblasts from normal individuals.
Quantitation of damage to the DNA after 20 J * me2 UV irradiation indicates normal levels of [ 3H] thymidine incorporation in the Cockayne cells, in contrast to UV-irradiated xeroderma pigmentosum cells (XP 12BE) in which there was a very low level of repair synthesis. Moreover, we have shown previously that excision of UV-induced pyrimidine dimers in 2 of the 10 Cockayne cell strains was normal .
Introduction
There are three major forms of DNA repair in mammalian cells: excision repair, post-replicational repair and photoreactivation. In human cells, although monomerization of pyrimidine dimers by photoreactivation has been reported to occur under certain cell culture conditions [22, 32] , the major repair mechanism appears to be excision repair. There may be two modes of excision repair -a long patch and a short patch. The first mode is typified by the excision of ultraviolet light-induced pyrimidine dimers, and the second mode of repair occurs after those kinds of damage that cause breakage of the DNA backbone, such as X-ray-induced lesions. The apparent differences between the two systems are the size of the gap to be filled in and the need for the incision steps of excision repair.
In human cells, UV-induced pyrimidine dimers and lesions induced by certain chemicals, such as N-acetoxy-2-acetylaminofluorene (N-AcO-AAF), are substrates for excision repair. The N-AcO-AAF damage mimics UV damage in the following ways: (a) both are repaired by a long patch mechanism (-100 nucleotides)
[ 251, (b) cells derived from patients with xeroderma pigmentosum (XP) deficient in repairing UV damage are also deficient in the ability of repairing N-AcO-AAF damage [6, 30] , and (c) XP cells are more sensitive than normal cells to the cytotoxic and mutagenic activity of both UV and N-AcO-AAF [ 201. However, studies based on DNA-repair synthesis showed that removal of N-AcO-AAF and UV lesions differed in the initial rate of removal [ 21. Ahmed and Setlow [l] further showed that there are different rate-limiting steps in excision repair of UV and N-AcO-AAF damaged DNA in normal human fibroblasts and suggested a model involving a complex of enzymes to explain their data.
We have recently studied the radiation sensitivity of skin fibroblasts derived from a number of patients with a rare hereditary disorder, the Cockayne syndrome, in whom one characteristic clinical feature is skin hypersensitivity to sunlight. The syndrome was first described in two siblings by Cockayne in 1936 and more than 20 other cases have been documented since then [ 31. The syndrome is an autosomal recessive disease characterized by cachectic dwarfism, retinal abnormalities, microcephaly, deafness, neural defects and retardation of growth and development after birth [ 111. Carcinomas of the skin as a result of the hyperphotosensitivity are not seen in Cockayne patients, although they are quite common in XP patients. Cultured skin fibroblasts from two Cockayne patients have been shown to exhibit marked UV sensitivity as measured by colony-forming ability, but their sensitivity to X-rays was not different from normal fibroblasts [ 27, 28] .,
The excision of the UV-induced pyrimidine dimers was also found to be normal in the cells derived from the two Cockayne patients [28] .
In this paper we present the results of cytotoxicity studies using several agents thought to induce long or short patch repair on a variety of human cell strains, including those developed from 8 additional Cockayne patients, parents of two unrelated patients, as well as from several normal and XP individuals. These results not only confirm our earlier findings on marked UV-sensitivity of Cockayne cells but also reveal a differential UV sensitivity in heterozygotes, a lack of caffeine effect on UV inactivation of Cockayne cells, and an increased sensitivity of these cells to agents that elicit long-patch DNA repair.
Materials and methods

Cell cultures
All the 10 strains of CS skin fibroblasts used in this study were either originated in our laboratory or supplied by other investigators (Table 1) . New nomenclature is being implemented to clarify the strains and their origins; the old designation is in parenthesis.
All cells were grown in modified Minimum Essential Medium [ 91. Our formulation includes a 50% increase in concentrations of essential amino acids, a 100% increase in concentrations of nonessential amino acids, 1 mM lrglutamine, 1 mM sodium pyruvate and inorganic salts according to Earle [lo] .
The MEM for growing human fibroblasts also contained 15% (v/v) undialyzed fetal-calf serum, 100 III/ml penicillin G and 100 ~1 streptomycin.
All strains, both from CS and normal donors, were in the third to thirteenth transfer when used for experiments. The plating procedure and conditions for radiation or chemical exposure of cells are described in the figure legends.
DNA-repair synthesis
The method used for measuring DNA-repair synthesis was essentially that described by Lohman et al. [18] for NaI gradient analysis. Cells were seeded into 60-mm dishes with complete medium and allowed to grow to near confluency. The day before the experiment, the medium was changed to one containing no exogeneous thymidine, uridine or hypoxanthine but 15% undialyzed fetal-calf serum. 2 h prior to UV-irradiation 1 PM 5-fluorodeoxyuridine (FrdU) was added to stop de novo DNA synthesis, and 0.5 mM 5-bromodeoxyuridine (BrdU) was added in the event that NaI gradients were to be run. The medium was removed and cells were either unirradiated or exposed to UV at 20 J * m-*. Medium containing 1 PM FrdU, 0.5 mM BrdU, 1 mM hydroxyurea and [3H]-thymidine (10 &i/ml, 50 Ci/mmole) was added and incubation continued for varying lengths of time. The cells were rinsed with PBS, trypsinized, pelleted and stored at -20°C. DNA was precipitated by several washes of 5% trichloroacetic acid and solubilized by heating to 90" for 20 min. Diphenylamine assays were performed and the incorporated radioactivity in each sample (CPM/pg DNA) was determined by liquid scintillation counting.
Chemicals
N-AcO-AAF was a gift from Dr. 
Results
We have previously shown [28] that two Cockayne cell strains, CSBAN (UM 102) and CSlAN (UM 106), are equally sensitive to X-rays as skin fibroblasts in culture from normal donors. This is confirmed by survival analysis of X-irradiated Cockayne cells from 6 additional and unrelated patients included in the present study (data not shown). Fig. 1 shows cell survival, as a function of UV dose, of 9 Cockayne cell strains and 2 normal cell strains. With the exception of strains CSGMO and CSlOWI all strains have been tested at least 3 times. All the Cockayne cell strains are significantly more UV-sensitive than the normal cells, and a difference in UV-sensitivity is seen between cell strain CSSSA and those derived from other CS patients. This has been repeated 3 times with similar results. The UVsensitivity also appears to be independent of sex and age. The inheritance of Cockayne syndrome has been considered as autosomal recessive because the disorder occurs in both sexes and the parents of affected individuals are normal and asymptomatic. Fibroblast strains derived from parents of two unrelated Cockayne patients have also been examined to see if heterozygosity could be detected in vitro. As can be seen from all 4 parents show intermediate levels of UV sensitivity as measured by colonyforming ability. These results were reproduced at least 2 times for each strain.
From our data, a regression analysis on the linear portion of the various UVsurvival curves was performed.
As seen in We examined the UV-sensitivity of 2 Cockayne cell strains in the presence and absence of 0.5 mM caffeine. The result (Fig. 3) clearly shows that there is no modifying effect of caffeine on UV-sensitivity of either normal or Cockayne strain CSBAN. The lack of caffeine effect was also demonstrated with strains CS5HO and CSSSA. In contrast, there was a significant effect of caffeine on survival when cells from an XP Variant (XP4BE) were UV-irradiated. Thus, at least in the 3 Cockayne cell strains studied survival as measured by caffeine sensitivity appears normal after UV-irradiation.
The degrees of DNA-repair synthesis following UV-irradiation of a Cockayne cell strain (CSBAN), an XP (A) strain (XPlBBE) and a normal strain (N119) were compared.
As seen in Table 3 All compounds were tested in strain CSBAN at least 2 times and often several other CS strains were also examined.
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UV FLUENCE (Jr? ) Fig. 3 . UV-sensitivity of normal and Cockayne fibroblasts in the presence or absence of 0.5 mM caffeine. Cells were treated under conditions as in Fig. 1 except that medium containing 0.5 mM caffeine was added to half the plates after UV-irradiation for the duration of the experiment. The curve extending past the data points is refIective of an additional point at less than 1% survival. Fig . 4A shows that the colony-forming ability of Cockayne and XP cell strains exposed to N-AcO-AAF differs from that of normal cells. Similar results were seen with 2 other CS strains, CS5HO and CS7SE. Since N-AcO-AAF reacts directly with DNA [21], our finding strengthens the supposition that the UV-sensitivity exhibited by these cells is the result of damage to the DNA rather than some other changes such as alterations of the cell membrane. It also suggests that it is probably the excision-repair that is defective in fibroblasts from Cockayne patients. Fig. 4B shows that the colony-forming ability of Cockayne and XP cells exposed to 4NQ0 differs significantly from that of normal cells. This result was also confirmed in strain CS7SE. 4NQ0 is an agent that is supposed to induced both long-and short-patch repair. Our results confirm a long-patch-repair effect of this compound as measured by colony-forming ability in XP and Cockayne cells. A surprising observation was made when heterozygous cell strains, CSHBAN and CSH3W1, derived from the parents of Cockayne patients were exposed to N-AcO-AAF. Unlike their response to UV, the strains showed the same sensitivity to these two chemicals as fibroblasts from normal donors. This experiment was performed twice +th the 2 heterozygote strains for their response to N-AcO-AAF and one time for 4NQ0. EMS has a similar cytotoxic effect on normal, XP and Cockayne cells (Fig. 4C) . CSBAN was also examined with similar results. This finding, together with normal results with X-rays (Schmickel et al. [28] and this study), support the theory that strand breaks or small lesions induced by EMS or X-irradiation in the DNA are repaired as efficiently in Cockayne cells as in normal cells.
Finally, ICR-170H has a similar effect on normal (N119), XP (XPlBBE) and Cockayne (CSBAN) cells (Fig. 4D) . This experiment was performed 3 times with strain CS2AN. Although ICR-107G has been shown by Regan and Setlow [25] to cause bromouracil photolysis in XP cells and has been termed a longpatch-repair inducer, these results are not confirmed by our survival curves. However, the two techniques are measuring different aspects of the response to ICR-170 over different time periods. It was also noted by these investigators that the ICR-17OG results were near the resolution limits of their experiment. . Effect of N-AcO-AAF on ceU survival. Cells were plated and allowed to attach overnight in complete MEM. The medium was removed, and serum-free medium was added to each plate. The test compound was added to each plate in 100% anhydrous ethanol and mixed immediately. After 3 h, the medium was removed with no rinsing and complete medium containing serum was added to each plate followed by weekly medium changes. Colonies were scored after 14-21 days. (B). Effect of 4NQ0 on ceU survival. CeUs were treated as in (A) with 2 exceptions.
The chemical was left on the plates for 90 min and. after its removal, the plates were rinsed 1 time with PBS. The curves extending past the data Points are indicative of data points represting less than 0.1% survival. (C). Effect on EMS on colony-forming ability. Cells were treated as in (A) except that the compound was initially mixed with PBS rather than 100% ethanol and appropriate dilutions were added to cell cultures for 2 h. (D). Effect of ICR-17OH on cell survival. The stock solution of ICR-170H was made in 0.01 N HCl and further dilutions were made in PBS. Cells were plated and allowed to attach overnight.
The medium was replaced with serum-free medium, and the test compound was added for 1 h at 37'C. The plates were washed once with PBS and complete medium was added. Medium changes were made weekly and colonies were fixed, stained and counted after 14-21 days.
Discussion
Individuals with CS are sun-sensitive, and this UV-sensitivity has also been demonstrated in vitro by colony forming-ability experiments (Schmickel et al.
[28] and this study). This observation is similar to that seen in xeroderma pigmentosum. However, the two syndromes do not share other clinical features including tumor indices. The cellular responses to UV are also dissimilar, thus suggesting that different molecular defects may be involved. For instance, the ability to excise UV-induced pyrimidine dimers appears normal in Cockayne cells 1281, in sharp contrast to most XP cells excepting XP Variants. Another difference between Cockayne and XP cells is the extent of DNA-repair synthesis after UV-irradiation. Using the method of Lohman et al. [18] our DNA quantitation studies show that UV-irradiated Cockayne cell strain (CSBAN) underwent unscheduled DNA synthesis to the same extent as irradiated normal cells. On the other hand, XP cells of different Complementation Groups exhibit variable but subnormal levels of repair synthesis [7] . Using the method of Kleijer et al.
[ 131, our autoradiography data (unpublished) on two Cockayne strains (CSBAN and CSlAN) and one normal strain are also consistent with the DNA-quantitation data (Table 3) .
In the present study, 4 chemical mutagens known to act on DNA were selected to test their cytotoxicity against both Cockayne cells and the cells derived from obligatory heterozygotes. The fact that Cockayne cells, as compared to normal cells, exhibit a marked increase in sensitivity to UV, N-AcO-AAF and 4NQ0 suggests that the loss of proliferative capacity of the treated Cockayne cells is due to their reduced ability to repair the damage in DNA caused by these agents. It can be further inferred that it is probably one of the many steps of the excision-repair process, and not the caffeine-sensitive postreplicational repair, that is defective in the fibroblasts from Cockayne patients.
It is evident that Cockayne cells, as compared to normal cells, are more sensitive to most of the agents which are supposed to induce long-patch repair (N-AcO-AFF, UV, 4NQO). On the other hand, Cockayne cells and normal cells are equally sensitive to the cytotoxic action of those agents which presumably leads to repair of shorter stretches of the DNA strands (EMS, X-ray and possibly, ICR-170H). The presumed difference between these two forms of repair is the amount of gap-filling required and the need for incision enzymes in long-patch repair.
One of the most interesting observations of the present study is the demonstration of an intermediate sensitivity, specifically to UV and not to the two 'UV-mimetic' chemical mutagens (N-AcO-AAF and 4NQO), as expressed by skin fibroblasts derived from parents of Cockayne patients. This result suggests that UV response may be a more sensitive indication for repair of DNA damage in human cells, however there is a greater difference between normal and CS cells in response to UV than to the mutagens.
The intermediate UV-sensitivity in heterozygous cells suggests the presence of a co-dominantly expressed gene. Further studies may show this factor to be helpful for heterozygote detection at the cellular level in prenatal diagnosis. In contrast, cells from XP heterozygotes are not different from normal cells in their response to UV irradiation [ 71, thus indicating typical inheritance.
The primary molecular defect responsible for UV-sensitivity in Cockayne syndrome is not clear, but there are several possibilities. A decrease in fidelity of DNA polymerase has been implicated in senescing human fibroblasts [17] and leukemic lymphocytes in culture [29] , but we are unaware of any report on fidelity studies of a DNA-repair polymerase specific for long-patch repair. A study in our laboratory indicates that the rates of spontaneous and UV-induced gene mutations in Cockayne fibroblasts were not different from those in fibroblasts from normal donors [ 241. If the fidelity of the DNA polymerase were faulty, one would expect a higher mutation rate than normal. We reported [5] that the polymerase levels in Cockayne fibroblasts were sub-normal. However, when the crude extracts were passed through Sephadex G-50 to remove contaminating nucleotides, the average specific activities of total polymerase and B polymerase were very similar between normal and Cockayne cells. Moses and Beaudet [ 231 have also confirmed normal polymerase activities in CS cells.
DNA repair as measured by autoradiography or DNA quantitation indicates that gaps in the DNA strands were filled in, but the present experiments give no information concerning strand rejoining by ligase nor the fidelity of the repaired DNA.
